g-Aminobutyric acid (GABA) is a major amino acid neurotransmitter in the vertebrate brain. To provide detailed information on the distribution of the GABA in zebrafish (Danio rerio), neurons were labeled with mCherry driven by the glutamic acid decarboxylase 67 (gad67) promoter. In the transgenic line Tg(gad67:mCherry), mCherry-positive gad67 cell bodies were predominantly localized to the olfactory bulb, pallial zones, subpallium zones, parvocellular preoptic nucleus, periventricular gray zone of optic tectum, torus semicircularis, posterior tuberculum, medial longitudinal fascicle, caudal zone of periventricular hypothalamus, and oculomotor nucleus. mCherry-positive fibers were widely distributed in the olfactory bulbs, subpallium, thalamus, ventral hypothalamic zone, tectum opticum, mesencephalon, and rhombencephalon. mCherry-positive neurons were also observed in the retina and the spinal cord. The anatomical relationships between GABAergic and gonadotrophin-releasing hormone 3 (GnRH3) neurons were investigated by crossing Tg(gad67:mCherry) fish with the previously established Tg(gnrh3:EGFP) transgenic line. GnRH3 cell bodies and fibers were contacted by GABAergic fibers directly in the ventral telencephalon and anterior tuberal nucleus. A subpopulation of GnRH3 neurons in the ventral telencephalic area was also labeled with mCherry, so some GnRH3 neurons are also GABAergic. GABA B receptor agonist (baclofen) and antagonist (CGP55845) treatments indicated that GABA B receptor signaling inhibited gnrh3 expression in larval fish but was stimulatory in adult fish. The expression of pituitary lhb and fshb was stimulated by intraperitoneal injection of baclofen in adult fish. We conclude that GABA via GABA B receptors regulates GnRH3 neurons in a developmentally dependent manner in zebrafish. (Endocrinology 158: 874-886, 2017) g -Aminobutyric acid (GABA) is an abundant inhibitory neurotransmitter, and GABAergic neurons constitute ;10% to 30% of the total neuronal population in the central nervous system depending on the species (1). A considerable number of subtypes of GABAergic interneurons diversify modes of neuron circuit assembly and physiological function. In particular, cortical inhibition locally provided by GABAergic interneurons plays a principal role not only in the overall balance of neuronal excitability but also synaptic interaction, spiking, synchrony, and oscillation in a neural ensemble (2, 3).
g -Aminobutyric acid (GABA) is an abundant inhibitory neurotransmitter, and GABAergic neurons constitute ;10% to 30% of the total neuronal population in the central nervous system depending on the species (1) . A considerable number of subtypes of GABAergic interneurons diversify modes of neuron circuit assembly and physiological function. In particular, cortical inhibition locally provided by GABAergic interneurons plays a principal role not only in the overall balance of neuronal excitability but also synaptic interaction, spiking, synchrony, and oscillation in a neural ensemble (2, 3) .
GABA also plays key neuroregulatory roles in reproduction in several vertebrate classes. The alteration of GABAergic neuronal activity is associated with the season-dependent reproductive cyclicity in mammals (4, 5) . Although GABA has been implicated as a primary neurotransmitter in the regulation of gonadotrophinreleasing hormone (GnRH) neurons, the consequences of GABA action on GnRH neurons and ultimately lateral hypothalamic nucleus (LH) production and release remain controversial. Activation of GABA A receptors on GnRH neurons in mouse brain slices in vitro reveals both depolarizing and hyperpolarizing actions that are dependent on the chloride reversal potential in the recorded neurons (6) . Many studies in mammalian model species indicate inhibitory actions of GABA on GnRH or LH release (7, 8) ; however, there is also evidence that GABA stimulates GnRH secretion in the adult male rat, Rattus norvegicus (9) . In fishes, the majority of evidence reveals potent stimulatory effects of GABA on GnRH and LH release in adults (10) (11) (12) (13) (14) (15) , but inhibitory actions exist in some species (16, 17) . Early anatomical studies demonstrated the presence of immunoreactive GABA and cellular uptake of exogenously radiolabeled GABA by nerve terminals in the pituitary of goldfish Carassius auratus (18) . This indicates that GABAergic neurons directly innervate the pars distalis, which is the part of the teleost anterior pituitary where LH cells predominate. However, the locations of the GABAergic neurons innervating GnRH neurons are not well established.
GABA is synthesized from glutamate by the actions of the glutamic acid decarboxylases (GADs). In vertebrates, the GAD1 and GAD2 genes encode distinct proteins, GAD67 and GAD65, respectively. A third transcript named GAD3 was originally discovered in a deep-sea grenadier fish, Coryphaenoides armatus (19) . The GAD3 gene has now been confirmed to exist across vertebrate classes but is a pseudogene in hominids and was lost in rodents (20) . Regardless, GAD67 is considered an excellent marker for GABAergic neurons. The expression of the GADs in the brain varies seasonally throughout the reproductive cycle (21, 22) and in response to sex steroids in goldfish (21, 23) . Although separate anatomical studies on the GADs (24-26) compared with GnRH (27, 28) indicate the possibility of interactions, this has not been directly studied in teleost fish. Dual-label in situ hybridization showed close proximity of agnathan GAD-expressing neurons and GnRH neurons in the sea lamprey preoptic region (12) , suggesting GABAergic control of GnRH is phylogenetically ancient.
GABA exerts key regulatory effects via two main receptors, the GABA A and GABA B subtypes. The GABA A receptors are ligand-gated ion channels, whereas the GABA B receptors are coupled to G proteins (29, 30) . The first reports in goldfish indicated that GABA stimulated GnRH and LH release via the GABA A receptor (10, 11, 31) , but in Atlantic croaker, Micropogonias undulatus, both stimulatory and inhibitory roles for GABA were evident (16) . The GABA A receptor agonist muscimol stimulated GnRH secretion in adult female sea lampreys, Petromyzon marinus (13). Much less is known about the role of GABA B receptor in reproductive regulation. A single report on adult goldfish indicated that GABA B receptor activation by intraperitoneal (i.p.) injection of baclofen rapidly and robustly stimulated release of LH (31) . Conversely, emerging studies in rodent models indicate a predominant inhibitory effect of GABA B receptor activation on GnRH neurons (32) (33) (34) .
To be able to address some of these controversies, we have now used zebrafish, a species that is amenable to transgenesis and neuron labeling with fluorescent proteins in vivo. We have cloned the gad67 gene promoter and integrated it with the mCherry gene to create a GADtransgenic line. Dual-labeled GABAergic (mCherry) and GnRH3 (EGFP) transgenic fish were also developed to establish GABA-GnRH3 interactions in brain and pituitary. In marked contrast to the numerous studies of GABA action via GABA A receptors to regulate GnRH neurons (6), we have examined the poorly studied role of GABA B receptors in the regulation of GnRH3 in this study. The specific GABA B receptor agonist baclofen and antagonist CGP55845 were used to determine the effects of GABA B receptor signaling on GnRH neurons in larval and adult fish.
Materials and Methods

Animals
The Animal Care and Use Committee of the Institute of Hydrobiology approved all procedures.
All zebrafish (Danio rerio) were of the AB strain and were maintained in recirculating systems at 28°C to 29°C on an alternating 12-hour light/dark cycle. The embryos and larvae were maintained in an environmental incubator at 28°C. Before dissection, mature zebrafish were anesthetized with 100 mM tricaine methanesulfonate (MS222; Sigma-Aldrich, St. Louis, MO) dissolved in aquarium water.
Production of transgenic zebrafish lines
A 2.3-kb sequence (nucleotides 117895 to 115528; GenBank: CR384078.18) upstream of the zebrafish gad67 gene coding region was cloned, isolated, and integrated with the mCherry gene to generate transgenic constructs. The process to produce this Tg(gad67:mCherry) zebrafish line followed our previous strategy used to generate kisspeptin and GnRH3 transgenic animals (35) . The construct was linearized and diluted in nuclease-free water to a final concentration of 100 mg/mL. Before microinjection, Tol2 transposase messenger RNA (mRNA) was added to a final concentration of 200 mg/mL, and phenol red (0.1%) was used for visualization during microinjection. Approximately 5 nL solution was injected into the animal pole of zebrafish embryos at the one-cell stage. The P 0 transgenic fish were bred to maturity and crossed with wild-type fish. The F 1 fish were crossed with wild-type zebrafish to obtain F 2 zebrafish. The F 3 lines were the cross between male and female F 2 fish. The F 3 zebrafish were used in the present experiments. The Tg(gad67: mCherry) zebrafish were crossed with Tg(gnrh3:EGFP) transgenic zebrafish, which we developed previously (35) . The doubletransgenic line is referred to as Tg(gad67:mCherry/gnrh3:EGFP).
Brain sectioning
Ten sexually mature (3-month-old) zebrafish of both sexes were anesthetized, and the whole brain was dissected and washed in phosphate-buffered saline (PBS). Brains were subsequently fixed in 4% paraformaldehyde in PBS overnight and dehydrated in 30% sucrose at 4°C. Next, the brains were embedded in Tissue Freezing Medium (Leica Biosystems, Heidelberg, Germany) and frozen at 280°C. Frozen transverse 20-mm tissue sections were cut using a cryostat (Leica CM1950) at 217°C and then mounted onto poly-L-lysine-coated slides.
The slides were then air dried for 1 h and rinsed in PBS. Cell nuclei were stained with 4 0 ,6-diamidino-2-phenylindole (Vector Laboratories, Burlingame, CA), and the sections were covered with Vectashield mounting medium for microscopic examination.
Pituitary transparency
Ten sexually mature (3-month-old) zebrafish were anesthetized, and brains were removed. The whole pituitary was then dissected under a microscope and fixed in 4% paraformaldehyde overnight at 4°C. Tissue clearing (4 M urea, 30% glycerol, and 0.1% Triton X-100) was performed, as previously reported (36) .
In situ hybridization
A fragment of zebrafish gad67 complementary DNA (nucleotides 972 to 1415; GenBank AB183390.1) was used to synthesize the antisense riboprobes. The protocol for in situ hybridization on sections followed our published methods (35) .
Fluorescence microscopy
Images of larval fish were captured using a Nikon digital sight DS-5Mc camera (Nikon, Tokyo, Japan) attached to an Olympus fluorescence macro-microscope MVX10 (Olympus, Tokyo, Japan). Images of brain sections and pituitaries were captured using confocal laser-scanning microscope (Zeiss LSM710 NLO system; Carl Zeiss MicroImaging, Oberkochen, Germany). To detect potential colocalization of GnRH3 neurons and GABAergic neurons, the Tg(gad67:mCherry/gnrh3: EGFP) zebrafish brain sections were examined by the confocal laser-scanning microscope. The confocal microscope only collected signals within a certain depth of the sections. The thickness of optical image slices was no more than 1.4 mm, which is much less than one-cell diameter. Therefore, potential overlap between the neurons in different positional levels was avoided. GnRH3 and GABAergic neurons in one image were thus considered as contacting each other.
GABAergic treatments and RNA extractions in larval zebrafish
The selective GABA B receptor antagonist (CGP55845 hydrochloride; SigmaAldrich) or the GABA B receptor agonist (baclofen; Sigma-Aldrich) was dissolved in dimethylsulfoxide (DMSO). Wild-type and Tg(gnrh3:EGFP) zebrafish larvae were raised in glass dishes to 3 days postfertilization (dpf). For the drug exposure study, the control medium (0.1% DMSO), CGP55845, or baclofen was applied to each dish at a final concentration of 10 24 M for 24 hours and 48 hours. To determine whether effects were GABA B receptor mediated, larvae were first exposed to CGP55845 (10 24 M) for 6 hours, and then baclofen (10 24 M) was added to the fish water for another 18 hours. After 24 hours following the addition of the CGP55845, some larvae were sampled and the others were placed in renewed CGP plus balofen fish water for another 24 hours and then sampled. Wild-type fish were used to analyze gnrh3 mRNA levels following the treatments. Pools (n = 5) of five larvae were collected, and total RNA was extracted in 600 mL TRIzol Reagent (Life Technologies, Carlsbad, CA), according to the manufacturer's protocol. Tg(gnrh3:EGFP) larvae were used to follow GnRH3 neuron development and migration.
Intraperitoneal injections
Ten 3-month-old adult males were used for each treatment group. Fish were anesthetized and injected in the intraperitoneal cavity with baclofen or CGP55845 (50 mg/g body weight; 10 mL/g) dissolved in DMSO. Another group of fish was injected with CGP55845 and then baclofen 1 hour later. Controls received the same volume of DMSO. After injections, fish were returned to their respective tanks, and they recovered from anesthesia in ;3 minutes. After 6 hours, five fish were anesthetized and dissected to extract the whole brains and pituitaries for gene expression analysis. After 12 hours, the other five fish were dissected for gene expression analysis.
Quantitative real-time polymerase chain reaction
Reverse transcription was carried out by incubating 1 mg total RNA with 5 mm oligo dT primer, 0.75 mM deoxynucleotide triphosphate mixture, 20 U RNase inhibitor, and 200 U PrimeScript RTase (Takara, Dalian, China) in the appropriate buffer for 60 minutes at 42°C and 5 minutes at 95°C. Polymerase chain reactions (PCRs) were performed in a LightCycler 480 (Roche, Basel, Switzerland) System using iTap Universal SYBR Green Supermix (Bio-Rad, Hercules, CA), according to the manufacturer's protocol. The primers used for amplification of the complementary DNA were designed using Primer Premier 6 software (Supplemental Table 1 ). Levels of b-actin1 mRNA were used to normalize the expression levels of the other genes. Each experiment was performed at least twice in triplicate, and all values were expressed as mean 6 standard error of the mean. The real-time PCR data were analyzed using one-way analysis of variance, followed by Fisher's least significant difference test. Means were considered statistically different if P , 0.05.
Results
Generation and identification of mCherry-labeled GABAergic neurons in zebrafish
To target heterologous mCherry specifically to GABAergic neurons, stable Tg(gad67:mCherry) transgenic zebrafish were generated. At 3 dpf, mCherrypositive neurons of the Tg(gad67:mCherry) line were clearly visible in the brain, eyes, and spinal cord. At the anterior part of the forebrain, mCherry-positive neurons distribute laterally around the olfactory pit. Densely packed mCherry-positive neurons were evident in the optic tectum and the area around corpus cerebelli [ Fig To verify that the mCherry expression was specific to GABAergic neurons, the mRNA of gad67 was probed in the mCherry transgenic line by in situ hybridization. There was clear colocalization of the mCherry [ Fig. 2(a) ] and gad67 mRNA signals [ Fig. 2(b) ] in the same cells. Shown is the specific colocalization in entopeduncular nucleus of the telencephalon [ Fig. 2(c) ]. This demonstrates that the mCherry reporter, driven by the gad67 promoter, is expressed in GABAergic neurons. The distribution of mCherry-positive neurons in Tg(gad67:mCherry) zebrafish is also in agreement with a previous study describing gad67 mRNA distribution in the zebrafish forebrain (37) .
In the transverse cryostat sections of 10 dpf Tg(gad67: mCherry) zebrafish eyes, a dense mass of mCherry-positive GABAergic cell bodies was visible at the outer surface of the lens [ Fig. 3(a) ], whereas relatively sparse mCherry-positive GABAergic neurons were observed at the inner regions [ Fig. 3(b) ]. Numerous mCherry-positive neurons were observed in the inner nuclear layer, with axons projecting to the ganglion cell layer [ Fig. 3(c) and 3(d) ]. mCherrypositive fibers were found in the rods and cones layer, but not cell bodies in these areas. Previous immunocytochemical analyses also showed GABA-and GAD67-positive cells in the same regions of the zebrafish retina (37, 38) . The distribution pattern of mCherry-positive GABAergic neurons in the eye further strengthens the validation of the Tg(gad67:mCherry) fish.
mCherry-positive GABAergic neurons in zebrafish brain
To explore the detailed distribution of GABAergic neurons, serial transverse cryostat sections of Tg(gad67: Fig. 4(h) ]. In the thalamus, the dorsal posterior thalamic nucleus was separated from the central posterior thalamic nucleus by a distinct boundary of mCherry-positive neurons [ Fig. 4(i) At more caudal parts, both the dorsal zone of the periventricular hypothalamus and the caudal periventricular nucleus exhibit scattered mCherry-positive GABAergic neurons. Denser mCherry-positive cells and fibers are located in the regions between the two corpus mamillares [ Fig.  4(l) ]. mCherry-positive GABAergic neurons were also evident in several regions of the mesencephalon, especially the medial longitudinal fascicle (MLF), the nucleus of MLF, medial preglomerular nucleus, and caudal preglomerular [ Fig. 4(m) ]. More caudally, mCherry-positive fibers could be observed on the borders of oculomotor nucleus and MLF [ Fig. 4(n) ]. Few mCherry-positive neurons were observed in the caudal part of the rhombencephalon, and the mCherrypositive fibers were only found around the rhombencephalic ventricle and the more ventral areas [ Fig. 4(o) ]. According to our observations based on brain sectioning, there were no obvious differences in the distribution of mCherry-positive GABAergic neurons between males and females.
GABAergic innervation of GnRH3 neurons
The potential colocalization of GnRH3 neurons and GABAergic neurons was examined using confocal laser-scanning microscope within the Tg(gad67:mCherry/ gnrh3:EGFP) zebrafish brain sections. In Tg(gnrh3: EGFP) fish, EGFP-labeled GnRH3 neurons originate in the olfactory bulb and migrate along the ventral telencephalon into the hypothalamus (35) . In the ventral nucleus of ventral telencephalic area, some of the GnRH3 neurons were also labeled with mCherry, whereas others were not [ Fig. 5(a) , 5(a 0 ), and 5(a 00 )]. This demonstrates that some GnRH3 neurons also express gad67. mCherrynegative (i.e., gad67-negative) GnRH3 cell bodies and fibers were observed to be contacted by GABAergic fibers directly in the dorsal nucleus and ventral nucleus of ventral telencephalic area [ Fig. 5(b) and 5(c) ]. Furthermore, GnRH3 fibers were diffusely scattered in the lateral hypothalamic nucleus and anterior tuberal nucleus. GnRH3 fibers were also observed to be in contact with mCherrypositive GABAergic fibers in the anterior tuberal nucleus 
Pharmacological modulation of GABA B receptors influences GnRH3 neuronal development in larval zebrafish
In zebrafish, GnRH3 neurons originate in the olfactory placode and migrate caudally to the brain and peripheral tissue (39) . As GABAergic neurons are also located in olfactory regions, we asked whether GnRH3 neuronal migration is sensitive to GABA receptor modulation. Therefore, 3 dpf larval zebrafish Tg(gnrh3:EGFP) and wild-type fish were exposed to baclofen (GABA B receptor agonist) or CGP55845 (GABA B receptor antagonist). The fluorescence intensity of GnRH3 neurons in the DMSO vehicle control treatment group was measured [ Fig. 7(a) ]. The fluorescence intensity of EGFP-labeled GnRH3 neurons was weak in baclofen-treated larval fish compared with control [ Fig. 7(b) ]. In contrast, the fluorescence intensity of EGFP-labeled GnRH3 neurons was enhanced after CGP55845 treatment [ Fig. 7(c) ]. The stimulatory effect of CGP55845 on GnRH3 neurons was suppressed by cotreatment with baclofen [ Fig. 7(d) ]. The gnrh3 mRNA levels in the whole larvae were also compared. The level of gnrh3 mRNA was significantly increased ;1.5-fold in CGP55845-treated fish after exposure for 24 hours. Cotreatment with baclofen significantly, but not completely, inhibited the increase of gnrh3 mRNA levels induced by CGP55845 [ Fig. 7(e) ]. After exposure for 48 hours, the level of gnrh3 mRNA was significantly increased ;3.2-fold in CGP55845-treated fish [ Fig. 7(f) ]. This stimulatory effect of CGP55845 on gnrh3 expression was completely suppressed by cotreatment with baclofen after 48-hour treatment [ Fig. 7(f) ].
GABA B receptor modulation regulates gnrh3, lhb, and fshb gene expression in adult zebrafish
To explore the effect of GABA B receptor modulation in adults, baclofen and CGP55845 were injected intraperitoneally. The level of gnrh3 mRNA in the brains of baclofen-injected male fish was increased slightly but nonsignificantly, whereas CGP55845-injected fish exhibited significant suppression of gnrh3 expression at 6 hours [ Fig. 8(a) ]. Baclofen cotreatment could block the suppressive effect of CGP55845 on gnrh3 expression [ Fig.  8(a) ]. At the same time, the expression of lhb, and fshb in pituitary was not affected by baclofen or CGP55845 at 6 hours [ Fig. 8(b) and 8(c) ]. After 12 hours, the expression of gnrh3 significantly increased ;1.7-fold in baclofen-injected fish; however, the expression of gnrh3 in CGP55845-injected fish was similar to control levels [ Fig. 8(d) ]. Cotreatment with CGP55845 blocked the stimulatory effect of baclofen on gnrh3 [ Fig. 8(d) ]. The expression of both lhb and fshb in the pituitary was respectively ;3.6-and ;3.8-fold higher in baclofeninjected fish at this time point [ Fig. 8 (e) and 8(f)]. Cotreatment with CGP55845 partially blocked the stimulatory effect of baclofen on lhb [ Fig. 8(e) ]. In the case of fshb mRNA, cotreatment with CGP55845 almost totally blocked the stimulatory effect of baclofen [ Fig. 8(f) ].
Discussion
The GABA synthesis enzyme GAD67 is a well-known marker for GABAergic neurons in vertebrates (20, 38, 40) . In the current study, Tg(gad67:mCherry) zebrafish were developed to document the organization of GABAergic neurons in the brain. We describe the interactions of GABAergic neurons and GnRH3 neurons in the brain and pituitary of the zebrafish. Pharmacological manipulations indicate that the GABA B receptors are involved in GnRH3 expression in the larval stage. GABA B receptors are also involved in modulating GnRH and gonadotropin expression in adults.
Distribution of GABAergic neurons in zebrafish nervous system GABA is a major neurotransmitter in the central nervous system. Using transgenesis, we provide a detailed description of GAD67 neuronal populations and fiber distributions in zebrafish. GABAergic neurons were widely distributed in the forebrain, midbrain, and hindbrain, consistent with previous reports for the zebrafish (35, 40) , goldfish (24) , and sea lamprey (12) . In the telencephalon, more GABAergic cells are present in the subpallium than in the pallium. The medial and posterior zone of the dorsal telencephalic area, the commissural nucleus of ventral telencephalic area (Vs and postcommissural nucleus of V), and the ventral part of entopeduncular nucleus are centers of GABAergic neurons in the telencephalon. Similar distributions of GABAergic neurons have also been reported in diverse tetrapod model organisms such as mouse (41), chick (42), and frog (43) . Patch-clamp electrophysiological studies in goldfish indicate that GABAergic neurons in the Vs/ventral nucleus of V region project to ventral preoptic neurons to regulate excitability via GABA A receptors (11) . In the mesencephalon, GABAergic neurons exhibit segmental distribution patterns, especially in the oculomotor nucleus. It is worth noting that dense GABAergic fibers were observed in the tectum opticum. The phylogenetically conserved organization of GABAergic neuronal populations is also noted in the sea lamprey (44) and the African lungfish (45) . Comparative analysis of the organization of GABAergic neurons is essential for characterizing homologies and evolution of major brain regions.
We also observed GABAergic neurons in the olfactory bulbs, retina, and spinal cord. In previous immunohistochemical analyses, GABAergic neuron clusters were also detected in the internal cellular layer and external cellular layer in the olfactory bulbs in zebrafish (46) . Intriguingly, dense GABAergic fibers were also found in the medial olfactory tract in our study. The distribution of GABAergic neurons in the olfactory bulbs suggests that GABA could play a role in odor transmission in fish. In rodents, much of GABAergic presynaptic inhibition of olfactory sensory neuron is mediated via presynaptic GABA B receptors driven by GABA released from bulbar interneurons (47) . Immunohistochemical studies of the zebrafish retina showed that GABA immunoreactivity was predominantly in amacrine cells, as GABAergic neurons were located in the inner nuclear layer project to the inner plexiform layer (38, 48) . These data support our observations in the eyes of our transgenic fish. It is known that the GABAergic neurotransmission is essential for shaping light-evoked responses in ganglion cells in both nonmammalian and mammalian species (49) . Numerous GABAergic neurons were found in the spinal cord, which is similar to the expression pattern of gad67 mRNA detected by in situ hybridization (50) . Pharmacological experiments indicate that GABAergic neurons play a role in spinal circuits involved in locomotion in lamprey (51) .
Modulatory effect of the GABAergic system on zebrafish GnRH3 neurons
Although considered to be an inhibitory amino acid neurotransmitter because of hyperpolarizing effects via GABA A receptors, GABA has a pivotal role in stimulating neural development and differentiation and reproductive neuroendocrine function. GABA has long been recognized as important for the control of GnRH and gonadotropin release in vertebrates (10, 11, 31, 52-55) . However, as GnRH neurons are diffusely scattered https://academic.oup.com/endothroughout the hypothalamus, the origins of GABAergic inputs to GnRH neurons are difficult to establish. Only a limited number of studies have examined the distribution and function of GABA as related to GnRH in fish. In the present study, the connection between GABAergic neurons and GnRH3 neurons was clearly evident in zebrafish brain and pituitary. Our observations reveal that GnRH3 neurons are directly contacted by GABAergic neurons in the ventral telencephalon and hypothalamus. Moreover, some GnRH3 neurons in the anterior part of telencephalon also coexpressed GAD67, so some GnRH3 neurons may also be GABAergic. Studies in sea lamprey also showed that GABA cells are closely apposed to GnRH cells in the rostral hypothalamus and preoptic region (12) .
In vitro perfusion or in vivo injection of GABA and its analogs both significantly increased GnRH in sea lampreys (13) . In the rat, GAD-containing axons synapse with GnRH neurons in the medial preoptic area (56 In our study, GABA B receptor agonist (baclofen) reduced GnRH3 expression in larval zebrafish, whereas GABA B receptor antagonist (CGP55845) stimulated significantly GnRH3 expression. This suggests that GABA via the GABA B receptor signaling is an inhibitory regulatory factor for GnRH3 expression. Studies conducted in fetal rats and mice also exhibit GABAergic neurons coexpressed GnRH in the olfactory placode and GABA-containing neurons distribute along the migratory pathway of GnRH neurons originating in the olfactory placode (61) . GABAergic input synaptically drives spontaneous discharges in GnRH neurons in brain explants from embryonic mice (62) . A GABA A receptor agonist treatment inhibited GnRH cell migration and decreased extension of GnRH fibers, whereas GABA A receptor antagonist significantly enhanced GnRH migration and led to a disorganized distribution of GnRH neurons in the mouse forebrain (63, 64) . Overexpression of GAD67 in GnRH neurons led to disruption of GnRH neuronal migration and reproductive function (65) . These data suggest GABAergic regulation of GnRH neuronal migration and development is important in both fish and mammals.
A large number of in vivo studies support the important role for GABA in stimulating LH secretion in adult teleosts (10, 16, 25, 31, 66) . However, knowledge about the interactions between GABA and GnRH before this study was very limited. We showed that the expression of gnrh3 was stimulated by baclofen while being reduced by CGP55845, revealing a GABA B receptormediated stimulation of gnrh3 in adult zebrafish. The expression of lhb and fshb mRNA in the pituitary was also increased after baclofen was administrated, an effect that was suppressed by CGP55845. The mechanism proposed for GABA-stimulated LH release in goldfish involves GABA A receptor-mediated stimulation of GnRH release and suppression of inhibitory dopaminergic neurons (31, 54) . GABA also causes a dose-related stimulation of GnRH release from goldfish pituitary slices in vitro (10) . Our initial studies in goldfish suggested that the GABA A receptor mediated the stimulatory effects of GABA on LH release because the A-type receptor agonist muscimol stimulated LH release and the A-type antagonist bicuculline blocked GABA action in vivo. However, the GABA B agonist baclofen could also stimulate LH release, although the B-type antagonist saclofen failed to block GABA action in goldfish (31) . The current data obtained following cotreatments with agonist/ antagonist resolve these conflicting results in the goldfish model and clearly implicate GABA B receptor-mediated effects in zebrafish. In our study, GABA B receptor modulation also indicates differential effects in larval and adult fish. The mechanism behind developmentally dependent effects of GABA B receptor activation is unknown. In contrast, activation of GABA A receptors results in depolarization or hyperpolarization depending on the relationship of the chloride ion reversal potential to membrane potential of the neuron (6) . GABAergic transmission to GnRH neurons and GABA B receptor number or binding affinities could vary with age. The potential modulatory effects of sex steroids on GABA Bmediated GABAergic transmission to GnRH neurons must also be considered in future studies.
In our current study, the stimulatory effect of baclofen on lhb and fshb mRNA lagged several hours compared with the gnrh3 mRNA increase. GABAergic fibers innervate GnRH3 projections in multiple regions in the brain. This supports an important stimulatory effect of GABA on the GnRH system that in turn could influence pituitary-gonadal function. Moreover, GABAergic innervation of the pars distalis of the pituitary gland where gonadotropin cells are located was also evident in the Tg (gad67:mCherry) zebrafish. This supports earlier anatomical work in goldfish showing direct contacts between GABA neuron terminals and LH cells (10, 26) ; however, GABA does not directly stimulate LH release from goldfish pituitary cells in vitro (10) . In contrast, studies in rainbow trout showed that GABA stimulated LH release from dispersed pituitary cells in vitro (25) . Whether GABA can consistently influence LH cells directly requires further investigation. In summary, we have demonstrated a close anatomical association between GABA and GnRH neurons and that GABA B receptor activity modulates the GnRH3 system in both larval and adult zebrafish.
